Introduction

1
In recent decades, concern over greenhouse gases associated with global warming has grown to include refrigerant emissions. Many of the hydrofluorocarbons (HFCs) that are currently used in heating, ventilation, air-conditioning and refrigeration (HVAC&R) systems since the early 1990s have a relatively large global warming potential (GWP) (>1000). To mitigate the global warming effect, many countries are taking actions to reduce the use of HFC refrigerants. In 2014, the European Union (EU) issued the Fgas Regulation (applied from January 2015) to mandate the phase-down of HFCs [1] . On October 15th, 2016, the 197 Parties to the Montreal Protocol adopted the Kigali Amendment for HFC phase-down, and committed to cutting the production and consumption of HFCs by more than 80% over the next 30 years [2] . The growing international emphasis on HFC phase-down has stimulated the interest of industry and academia in alternative refrigerants with low GWP.
The current low-GWP refrigerants proposed as HFC replacements mainly include the hydrofluoroolefin (HFO) class, the 1 Certain trade names and company products are mentioned in the text or identified in an illustration in order to adequately specify the experimental procedure or equipment. In no case does such an identification imply recommendation or endorsement by the National Institute of Standards and Technology, USA, nor does it imply that the products are necessarily the best available for the purpose. 20) , each of them has unfavorable characteristics that make them unsuitable as a direct drop-in alternative (Table 1) , with flammability and toxicity being the most common concerns. As a result, many refrigeration systems using low-GWP refrigerants are required to have a low-refrigerant-charge. For example, the current charge limits for hydrocarbon refrigerants are as low as 150 g in the United States and Europe [3] , though international efforts to raise the hydrocarbon charge limit are still ongoing. It is also strongly recommended to use HFOs and ammonia with a low charge based on safety and economic considerations [4] [5] [6] . It is expected that low refrigerant charge systems will become more prevalent in the near future. The refrigerant charge can be reduced by several methods, such as the use of enhanced heat transfer equipment, optimization of the heat exchanger design, and the use of more efficient heat exchanger techniques (e.g., falling film).
Heat transfer enhancements can be used to reduce the size of the heat exchangers and to increase the system cycle performance; hence, these enhancements are of great importance for low-GWP refrigerant applications. Pool boiling is the primary mode of heat transfer that occurs in flooded evaporators that are used for refrigeration and airconditioning applications. The techniques for pool boiling heat transfer enhancement can be categorized in two general types: passive and active techniques [7] . Passive techniques involve special surface geometries, fluid additives, or insert devices for enhancement. The common passive techniques include enhanced surface [8] [9] [10] , nanofluids [11, 12] , displaced inserts [13] [14] [15] , and swirl flow device [15, 16] . Active techniques require external power input, such as ultrasound [17] , mechanical vibration [18, 19] , electrohydrodynamic (EHD) [20, 21] , and magnetic field [22] . Currently, commercially-available heat-transfer enhancement devices mainly employ passive techniques, because active techniques generally result in higher cost and may cause noise, safety, or reliability problems.
The enhanced surface is the most extensively used technique for pool boiling heat transfer augmentation in the refrigeration and air-conditioning industry. For example, nearly all water chillers using shell-and-tube heat exchangers employ enhanced tubes. Enhanced surfaces can be applied to increase efficiency and/or reduce the heat exchanger size and, in turn, reduce the low-GWP refrigerant charge. Therefore, the measurements and predictive methods for pool boiling heat transfer are necessary for the design of flooded evaporators using low-GWP refrigerants. They are also of importance in studying the certain domains of flow boiling with heat transfer being governed by the processes connected to bubble formation and detachment at active nucleation sites [23] .
This paper provides a comprehensive review of pool boiling heat transfer for low-GWP refrigerants on enhanced surfaces. The enhanced surface technology is reviewed (Section 2), followed by detailed reviews on the state-of-the-art of measurements for boiling heat transfer with low-GWP refrigerants on enhanced surfaces (Section 3). The review is limited to HFO class, HC class, NH 3 , and CO 2 refrigerants. The paper concludes with a review of the existing predictive methods for pool boiling on enhanced surfaces (Section 4) and suggests future work.
Enhanced surfaces
The enhanced boiling surfaces typically have special geometries that provide higher heat transfer coefficients in terms of projected area compared with plain (or smooth) surfaces. The fact that ''roughness" enhances nucleate boiling heat transfer has been known since 1931 when Jakob observed that the boiling heat transfer coefficients (HTC) for water on a grooved surface were about three times higher than those of a plain surface [24] . As reported by Jakob, however, such enhancement only lasted for a short time, which was described as the ''aging effect." Due to the ''aging effect", rough surfaces were considered as an unpractical concept for the next two decades. In the period of [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] , numerous fundamental studies were made toward understanding the boiling mechanism [25] [26] [27] [28] [29] [30] . Researchers started to realize the importance of nucleation sites and made attempts to create effective artificial nucleation sites. In 1968, Milton patented one of the first practical enhanced surface geometries which was formed by coating a sintered layer of copper particles (commercially known as ''High-Flux") [31] . After that, many enhanced surface geometries were invented and continue to be revised, improved, and developed today. Industrial research plays a key role in the development of commercial surface enhancements, where most of the geometries are reported in patents. A detailed evolution of enhanced boiling surfaces is provided by Webb's review papers [8, 32] .
For pool boiling enhancement of refrigerants, the enhanced surface generally features reentrant cavities with connecting tunnels and mouth openings smaller than the cavity. Reentrant cavities can trap more vapor compared with conical and cylindrical cavities that exist on smooth surfaces, especially for highly wetting fluids like refrigerants (Fig. 1) [33]. More trapped vapor enables reentrant cavities to generate larger embryonic bubbles which require less superheat to nucleate at a specified heat flux. Hence, surfaces having reentrant cavities yield much higher nucleation site densities than plain surfaces and thereby, greater heat transfer performance. Reentrant cavities can be formed through mechanical metal forming processes and porous coatings, which are two basic fabrication types of enhanced surfaces for pool boiling.
Structured surfaces
Structured surfaces are formed by lifting the base surface of a plain tube to form integral-fins and have been commercially available since the 1930s [34] . Further cold metal working (or mechanical machining) of the integral fin produces more advanced and higher performing enhancements. One may employ one or several cold-working methods (e.g., rolling, notching) using a specially designed apparatus to form the enhanced structure that generally consists of pores and/or interconnected tunnels below the surface. The resulting boiling enhancement is due to both the increase in the surface area and the improved bubble nucleation behavior. Four of the classical structured surfaces are: -Integral-fin surface. Fig. 2a shows a standard integral-fin tube (also called low fin), which is the most basic form of enhanced tubes. Most of the structured surfaces are fabricated by lifting the fins from the wall of a plain tube via a rolling process. Generally, the integral-fin boiling tubes have 748-1970 fins per meter (i.e., 19-50 fins per inch) with fin height from 0.8 mm to 1.5 mm [35] . Although the integral-fin does not have manufactured reentrant cavities, the integral fin can increase the nucleation site density as compared to a plain tube by encouraging bubble agglomeration between the fins and bubble nucleation on the fin-sides [36] . -GEWA series. Fig. 2b illustrates a T-shaped finned tube made by flattening the fins on the integral-fin tube, which has been commercialized as GEWA-T, -TW, and -TX. Fig. 2c is a Y-finned tube made by notching the fins on the integral-fin tube, which has been commercialized as GEWA-SE and -YX. The T-or the Yshaped fins create reentrant tunnels, which causes heat transfer enhancement beyond the surface area enlargement. These two geometries, patented by Saier et al. in 1979 [37] , are the earliest GEWA enhanced surfaces. Based on these geometries, several variants of the GEWA enhanced boiling surface were developed by Wieland-Werke over the next 30 years. For example, GEWA-PB is an enhanced boiling surface specially designed for hydrocarbons, and it is widely used in propane chillers. The latest version, GEWA-B series, is designed for boiling enhancement for different purposes (e.g., GEWA-B6 for highest performance, GEWA-BHV for high viscosity media, GEWA-BLF for high fouling tendency [38] ). -Thermoexcel-E. Fig. 2d shows a Thermoexcel-E tube made from a low fin tube with ''sawtooth" fins, i.e., having a small portion cut from the fin tips. The sawtooth-shaped fins are bent horizontally to form reentrant tunnels with spaced pores on top of the tunnels created by the cut-outs. The geometry of Thermoexcel-E was patented by Fujie et al. [39] . -Turbo-B series. The original Turbo-B outer surface (Fig. 2e) was introduced by Cunningham and Campbell in 1985 [40] . The Turbo-B has a grid pattern consisting of rectangular flattened blocks separated by narrow gaps which overlie a relatively wider sub-surface tunnel. The geometry is formed by successive cross-grooving and rolling operations on an integral-fin surface. Fig. 2f and g depict the outer surface geometries of Turbo-BII and Turbo-BIII, respectively, which were patented by Thors et. al [41] . The structures on Turbo-BII and Turbo-BIII are made by deforming helical fins on an integral-in tube and notching to provide pores for nucleation. Nowadays, there are several variants evolved from Turbo-B, such as Turbo-B5, -ESP, -EHPII, and -EPT. It's noted that the Turbo-B type tube also has internal helical grooves for in-tube single-phase heat transfer enhancement.
Besides the classical geometries illustrated above, there are numerous commercially available geometries developed over recent decades. Table 2 lists the U.S. patents for structured boiling surfaces issued after 2005. In total, eleven patents are found in this survey. Earlier studies on structured surfaces were comprehensively reviewed by Webb [7] and Thome [42] .
In recent years, several novel techniques have been developed for more precise fabrication, such as electric discharge machining (EDM). In addition, structures in microscale or even nanoscale can be produced by selective laser melting (SLM), femtosecond laser process, and photolithography and etching. Fig. 3 shows selected surface structures fabricated by these techniques. The existing studies on these novel techniques are mostly limited to the flat surfaces that are mainly used for electronic cooling application. However, a few studies are found for tubular surfaces that are used for refrigerant applications. Details on the enhanced boiling surfaces fabricated by these novel techniques can be found in the reviews by Shojaeian and Kos ßar [9] , Leong et al. [10] , and Kim et al. [43] .
Porous surfaces
As indicated by its name, a porous surface has an interconnected porous matrix which can also increase surface area and active nucleation site density. The porous matrix can be made of either the same material as the base surface or a different one. The solid network of the matrix could be composed of particles (most common), tubes, wires, meshes, foam cells, and so on. The matrix thickness and pore size are the two most important parameters of a porous surface, and their optimal values mainly depend on the fluid properties. The following are common techniques for fabricating a porous surface.
-Sintering. The fabrication of a typical sintered surface can be summarized in three steps: powder preparation, compaction, and fusion. Generally, powders are first mixed with ''lubricant", which helps compaction and acts to inhibit powder agglomeration. The liquid powder slurry is subsequently covered on the surface. The next step is to heat the slurry-coated surface to melt the powder and eventually vaporize the ''lubricant", during which the powders and the surface come in contact to form ''necks" that create loose bonds. Then the temperature is elevated to grow the ''neck" and eventually fuse the particles and surface together. High-Flux is an enhanced boiling tube made by powder-sintering ( Fig. 4a [44] ), which has been commercialized since around 1970 when Milton's patents were issued [31, 45, 46] . Besides powders, other forms, such as metal mesh (Fig. 4b [47] ) and metal foam (Fig. 4c [48] ) can be sintered on surfaces to produce boiling enhancements. [37] ; (c) Y-shaped finned surface, from Saier et al. [37] ; (d) Thermoexcel-E tube surface, from Chien [76] ; (e) Turbo-B tube surface, from Chien [76] ; (f) Turbo-BII tube surface, from Thors et al. [41] ; (f) Turbo-BIII tube surface, from Thors et al. [41] . sintering and spray coating, electrochemical deposition is a simpler and a less expensive method for generating micro/nanoporous structures. By applying direct current on a solution containing the ion or chemical complex of the desired metal, the metal deposits onto the cathode surface and forms a coating. The temperature, current density, and pH are key operating parameters for controlling the coating structures [52] . Fig. 4f and g show a copper nanowire coating and a structurally strengthened copper micro-porous coating, respectively, both made by electrochemical deposition [53, 54] . -Chemical vapor deposition (CVD). CVD enables the fabrication of highly ordered structures for surface coating [10] . Typically, the surface to be coated is exposed to one or more volatile precursors, causing chemical reactions on and near the surface, which results in the deposition coating. The process is usually accompanied by the production of chemical by-products that are exhausted from the chamber along with unreacted precursor gases [55] . In recent years, many researchers used CVD to create highly-thermally-conductive (3000 W m À1 K À1 to 5000 W m À1 -K À1 [56] ) carbon nanotube (CNT) coatings to produce enhanced boiling surfaces. Fig. 4h shows a silicon surface coated by vertically aligned CNTs, which was synthesized by plasma enhanced chemical vapor deposition [57] . In some cases, CVD is combined with other techniques for further modification. For example, Weibel et al. [58] further coated copper using physical vapor deposition on a CNT-coated copper surface to make it hydrophilic ( Fig. 4i) .
Other techniques such as additive machining (3D printing), epoxy binding, sputtering, evaporation, dripping and dipping are also reported in the literature. Detailed literature reviews on the current techniques for porous enhanced surfaces were recently provided by Patil and Kandlikar [59] and Leong et al. [10] .
Compared to a structured surface, a porous surface has three important advantages: (i) in most cases, a porous matrix provides many more reentrant cavities thereby more activated nucleation sites; (ii) porous coatings can be made with a less expensive material than that required for base surface 2 ; (iii) it is much easier to make micro/nano-scale structures on a porous surface. However, the structure of a porous surface cannot be manufactured to as precise a tolerance as a structured surface. In addition, the random porous structure is difficult to model, which makes the prediction of the boiling performance challenging. Porous surfaces are highly susceptible to oil fouling in refrigerant/lubricant boiling, which degrades heat transfer. For these reasons, the porous surface is reserved for use with clean fluids, such as process fluids, and not typically used commercially for refrigerant/lubricant mixtures.
Other surfaces
Wrapping a wire helically on a plain tube is a simple method for pool boiling heat transfer augmentation. Fig. 5a shows a typical wire-wrapped tube. The wrapping wire can enlarge the contact area between fluid and tube, and can also enhance bubble nucleation. The helical angle, pitch, diameter, and cross-section geometry of the wrapping wire play key roles in the heat transfer performance of wired-wrapped tubes [60, 61] . The dimpled tube is a simple and a relatively inexpensive enhanced tube (Fig. 5b) . Dimpled tubes are made from plain tubes by metal-forming dimples on the tube surface. The dimples can improve the heat transfer performance through a combination of increased turbulence, boundary layer disruption, secondary flow generation, and more nucleation sites [42] . The geometric parameters (shape, depth, pitch, diameter) and arrangement of dimples have significant effects on the overall performance [62] . Tables 3, 4 , and 5 chronologically summarize the existing literature for pool boiling measurements on enhanced surfaces for the low-GWP refrigerants: hydrofluoroolefin (HFO), hydrocarbon (HC), ammonia (NH 3 ), and carbon dioxide (CO 2 ). The literature is categorized by the enhanced surface type (structured, porous) in Tables 3 [50] ; (e) Cu tube surface coated by Mo using plasma spraying (side view), from Hsieh and Ke [51] . (f) Cu surface coated by Cu nanowires using electrochemical deposition (top view), from Yao et al. [53] (g) Structurally strengthened copper micro-porous coating made by electrochemical deposition (top view), from El-Genk and Ali [54] ; (h) Si surface coated by CNTs using plasma enhanced chemical vapor deposition, from Ujereh et al. [57] ; (i) Cu surface coated by CNTs using CVD and further coated by Cu using physical vapor deposition (top view), from Weibel et al. [58] . and 4, but not done so in Table 5 because significantly fewer measurements with NH 3 and CO 2 were found. Tables 3, 4 , and 5 use the same columns. Column 1 gives the reference information of each literature. Column 2 lists only the low-GWP refrigerants that were tested. Column 3 briefly describes the surface features (or commercial names, if any) of the tested enhanced surfaces and fabrication techniques for porous test surfaces and fins-per-meter (fpm) for structured surfaces. Column 4 lists the base surface material and its geometry (tubular or flat). Column 5 indicates whether the heating boundary condition was achieved by fluid or electrical heating. The significance of column 5 is that Kedzierski [36] has shown that the pool-boiling heat flux achieved by fluid heating can be as much as 32% larger than an electrically obtained heat flux for the same boiling superheat. Darabi et al. [63] have shown a similar heating boundary condition effects for flow boiling. Columns 6-9 list the saturation condition (the saturation temperature or the pressure, or the reduced pressure), the heat flux, the uncertainty of the HTC, and the enhancement factor, respectively. The HTC enhancement factor (F E ) is defined as the ratio of the HTC of the enhanced surface to the HTC of the plain surface, which is either directly given by the literature or estimated from the data in the literature. The HTC enhancement factor could not be obtained from some studies due to the lack of the plain surface data. The reviewed literature is introduced in detail in the following subsections.
Measurements for low-GWP refrigerants on enhanced surfaces
Hydrofluoroolefins -Structured surface
In 2010, Park and Jung [64] measured the pool boiling of R1234yf on a plain and several low fin surfaces. The experiments were conducted at a saturation temperature of 7°C and a range of heat fluxes from 10 kW/m 2 to 200 kW/m 2 . The investigated surface was a square, flat, copper plate (9.53 mm Â 9.53 mm) with nine 1.21 mm-high fins, simulating the 1023 fpm low-fin tube. The boiling HTC for R1234yf on the low-fin surface was about 1.6-3.0 times that of a plain surface. The authors also concluded that the nucleate boiling characteristics of R1234yf were similar to those of R134a. In addition, they compared the nucleate boiling HTCs of R1234yf and R134a on a plain surface to the correlations developed by Jung et al. [65] and Gorenflo et al. [66] . For both R134a and R1234yf, the correlations by Jung et al. [65] and Gorenflo et al. [66] deviated from the measurements by 12.7% and 9.4%, respectively, for heat fluxes less than 200 kW m
À2
. Thus, the conventional correlations could be used for R1234yf.
Van Rooyen and Thome [67] measured the pool boiling HTC for R1234ze(E) outside two commercial enhanced tubes, the Turbo-B5 and the Gewa-B5, at a saturation temperatures between 5°C and and 44 kW/(m 2 K) on the GEWA-B5. They found that the HTC was significantly affected by heat flux, but slightly affected by the tube type and the saturation temperature. Lee et al. [68] measured the pool boiling HTC of R1234yf for a plain surface and for three enhanced surfaces: the Turbo-B, the Turbo-C, and the Thermoexcel-E. The studied surfaces were square copper plates with the same dimensions as those of [64] . The tests were conducted at a saturation temperature of 7°C and for heat fluxes between 10 kW/m 2 and 200 kW/m 2 . They reported that the Thermoexcel-E surface exhibited the best heat transfer performance (with the enhancement factor up to 5) for heat fluxes less than 150 kW/m 2 , while the Turbo-B and the Turbo-C surfaces were marginally better at heat fluxes larger than 150 kW/m 2 . Thus, they concluded that the Thermoexcel-E was suitable for low heat flux . The HTC enhancement produced by the enhanced tubes was from 2 to 13 over the entire test range. The study showed that the opening width of the reentrant cavity had a significant effect on the HTC enhancement. At lower saturation temperatures and heat fluxes, the enhanced tubes with the narrowest openings exhibited the highest HTC; while at greater saturation temperatures and heat fluxes, the enhanced tubes with the widest openings had the highest HTC.
Byun et al. [71] investigated the pool boiling performance of R1234ze(E) and R1233zd(E) on a plain tube and two internally and externally enhanced tubes (#1, #2). The external surface of the Enhanced tube #1 was similar to that of the Turbo-B, while that of the Enhanced tube #2 is similar to that of Turbo-BII. The experiments were performed for saturation temperatures between 4.4°C and 26.7°C and for heat fluxes between 10 kW/m 2 and 50 kW/m 2 . As shown in Fig. 6 , the maximum enhancement factor of the Enhanced tube #1 was about 2.5 for R1234ze(E) and 2.3 for R1233zd(E), while that of the Enhanced tube #2 was about 4.4 for R1234ze(E) and 6.6 for R1233zd(E). In particular, the HTC of R1233zd(E) on the Enhanced tube #2 was relatively large compared with other tubes, which was attributed to the shape of the tube surface.
Kedzierski et al. [72] measured the pool boiling heat transfer of R1234yf, R513A (R1234yf/R134a (56/44 by mass)), and R450A (R134a/R1234ze (42/58 by mass)), which are the replacement refrigerants for R134a, on a flattened, horizontal Turbo-ESP surface. The measurements were performed at saturation temper- , the R123 heat flux was approximately 53% larger than that of R1336mzz(Z). The R1336mzz(Z) pool boiling curve was measured for three saturation temperatures and exhibited an optimum with respect to saturation temperature near the middle saturation temperature of 298.1 K.
-Porous surface
Moreno et al. [74] studied the pool boiling performance of R1234yf on a plain and on a microporous-coated surfaces for Kondou et al. [75] fabricated a microporous surface using Laser Interference Surface Structuring (LISS) technique, and measured the boiling curves of R1234ze(E) and R1234ze(Z) on this surface. The LISS technique employs two or more overlapping laser beams to form unique intensity distributions with periodicities on the micron and sub-micron scale. The high-power laser modifies materials through photo-thermal interaction imparting its dual size characteristic to the material. The fabricated surface had a microstructure of periodically line-patterned valleys covered by nano-sized lamellae making it super-hydrophilic. As observed by the authors, the microporous surface exhibited the hysteresis of nucleate boiling inception for heat fluxes below 150 kW/m 2 ; when the heat flux exceeded 150 kW/m 2 , the wall superheat was significantly decreased by the microporous surface for both refrigerants.
-Summary
For HFO boiling studies, R1234yf is the most investigated refrigerant. Fig. 7 provides a summary of the R1234yf HTC enhancement factors (F E ) versus heat flux for the various studies and enhanced surfaces reviewed here. The F E data in Fig. 7 were either directly given by the literature or estimated from the literature data. The retained range for the F E data was for heat fluxes between approximately 10 kW/m 2 to 100 kW/m 2 , which is the typical range for refrigeration and air-conditioning applications. As shown in Fig. 7 , the Themoexcel-E tube gave the best HTC enhancement (with F E up to 5) for R1234yf for heat fluxes less than 30 kW/m 2 , while the porous copper tube was better at medium to high heat fluxes (greater than 30 kW/m 2 ).
The available data for other HFO refrigerants and their blends are still limited. For R1234ze(E), the enhanced tube #2 made by Byun et al. [71] (similar to Turbo-BII, 2165 fpm, H fin = 0.61 mm) gave the best HTC enhancement (with F E up to approximately 4.4). The enhanced tube #2 made by Byun et al. [71] also gave the best HTC enhancement (with F E up to approximately 6.6) for R1233zd(E). Fig. 8 shows the carbon steel tubes as PB1, PB2, PB3, and PB4. The primary geometrical difference between the tubes was the treatment of the top of the finned surface, which were serrated to differing degrees causing a variation in the cavity openings between the fins. On average, the cavity openings for the PB1, PB2, PB3, and PB4 surfaces were 0.164 mm, 0.081 mm, 0.076 mm, and 0.062 mm, respectively. The saturation temperature ranged between À30°C and 20°C, and the heat fluxes ranged between 2 kW/m 2 and 100 kW/m 2 . Mertz et al. [77, 78] reported that the tube PB4 exhibited the best performance of the four tubes for both R290 and R600a. For R290, the largest HTC Chen et al. [80] added to the bubble dynamics data for R600a and the PB4 tube by measuring more bubble parameters (such as active site density) to comprehensively describe the bubble growth process. In addition, Chen et al. [80] extended the experiments to include R290 and the PB1 tube and a plain tube. According to their bubble data, a larger heat transfer rate occurred for the enhanced tube, despite it having a lower active site density and nearly the same bubble frequency of the plain tube, because the enhanced tube had a significantly larger bubble departure diameter as compared to the plain tube. Chen et al. [80] proposed that the latent heat transfer was the dominant mechanism for the heat transfer enhancement on the reentrant surface, and the latent heat enhancement was mainly due to the evaporation of a thin liquid film inside the channels.
Chen et al. [81] measured the pool boiling heat transfer of R290, R600a, and three R290/R600a mixtures on the PB1-PB4 tubes using the same test rig and conditions as their previous studies [77] [78] [79] [80] . Fig. 9 shows the measured HTC enhancement factor (F E , ratio of enhanced surface HTC to plain surface HTC) for the four enhanced tubes. As shown in Fig. 9 , the PB1 has a relatively large F E for R290 (peaking between 1.5 and 2), but a small F E for R600a (between 0.75 and 1) and their mixtures (between 0.3 and 1). Fig. 9 shows that the relative ranking of the F E for the test fluids on the PB1 surface differs from that for the PB2, PB3, and PB4 surfaces. For example, the mixture boiling performance exceeds pure component performance for certain heat fluxes for the PB2 and the PB3 surfaces. This seemingly erratic mixture boiling performance was not explained by Chen et al. [81] . Fig. 11 also shows that the F E for I-Butane on the PB3 surface was as large as approximately 12, while never exceeding 5 for the other surfaces for similar heat fluxes. The anomalously large F E for I-Butane on the PB3 is likely associated with the larger uncertainties in the measured superheat at low heat fluxes as stated in Chen et al. [82] . Because of the erratic mixture boiling performance, the exceedingly large F E for IButane and the electrically obtained heat flux boundary condition, the reader should use these measurements with caution. In their accompanying paper, Chen et al. [82] visually studied the bubble behavior and explored the enhancement mechanism of R290, R600a, and the two mixtures for only the PB4 and the PB2 tubes. Consequently, the cause of the F E = 12 enhancement on the PB3 surface was not explored beyond a possible large measurement uncertainty. The visual observation indicated a strong mixture effect on the nucleation and evaporation processes on the reentrant tubes, which was attributed to Marangoni convection. Chen et al. [82] found that typically the large-opening channels were more likely to be flooded at low heat flux, while small-opening channels were more likely to be clogged by vapor at high heat flux which deteriorates the heat transfer performance; thus, a surface having moderate size with connected pores was favored for enhanced boiling.
Jung et al. [83] measured the boiling heat transfer of four hydrocarbon refrigerants (R1270, R290, R600a, and R600), and one ether (RE170) 3 for three commercial enhanced tubes (low-fin tube, Turbo-B, and Thermoexcel-E) at a saturation temperature of 7°C and for heat fluxes between 10 kW/m 2 and 80 kW/m 2 . The measured HTCs are shown in Fig. 10 . Among these tubes, the Thermoexcel-E tube shows the best performance with the enhancement factor between 2.3 and 9.4 due to its sub-surface channels and reentrant cavities. The Turbo-B tube presents the enhancement factor ranging from 2.0 to 6.1. The low-fin tube shows a relatively lower enhancement factor ranging between 1.2 and 2.4. Jung et al. [83] also found that the enhancement factor for the HC refrigerants were up to 40% greater than those of HFC refrigerants for low heat fluxes, but exhibited similar ones for high heat fluxes.
Kotthoff et al. [84] experimentally studied heat transfer and bubble formation for R290 pool boiling on tubes with and without macro-cavities. Two types of macro-cavities were used: one was the ''main structure" that had a reduced active cavity opening, and the other was the ''secondary structure" that had a full cavity opening. The boiling tests were conducted for reduced pressures from 0.05 to 0.8, and for heat fluxes ranging from 0.5 kW/m 2 to 70 kW/m 2 . The overall improvement of the average HTC achieved by the macro cavities was as large as 45% for the ''main structure" and up to roughly 35% for the ''secondary structure." Luke and Müller [85] tested R290 on a mild steel GEWA-PB enhanced tube and on a plain tube for reduced pressures between 0.05 and 0. . They showed that the HTCs of the ceramic-coated tube were as high as those of a sandblasted tube with similar roughness for reduced pressures larger than 0.1, and even higher at lower reduced pressures. Also, the ceramic coatings were found to facilitate nucleation, which compensated for the insulating effect of low thermal conductivity of ceramics. Nucleation enhancement was especially prevalent for mixtures.
Vasiliev et al. [87] tested the heat transfer of R290 during pool boiling on plain and on porous-coated stainless steel tubes at saturation temperatures between À10°C and 40°C and for heat fluxes between 0.1 kW/m 2 and 100 kW/m 2 . The porous coating was made of stainless steel using the gas-thermal spraying technique. The coating thickness ranged from 0.1 mm to 0.3 mm, and the porosity ranged from 4% to 17%. The maximum HTC enhancement factor was approximately 3, which was observed for a coating thickness of 0.2 mm and a porosity of 12.5%.
Vasiliev et al. [44] tested R290 pool boiling on a copper tube sintered with a copper powder. The tests were performed at saturation temperatures between À10°C and 30°C and for heat fluxes Vasiliev et al. [44] suggested that the mean pore hydraulic dimension was the key parameter for determining the heat transfer performance of the porous-coated surface. Hsieh and Yang [88] measured the pool boiling HTC of R600a on a plain tube and on two porous tubes coated by Cu and Mo. The experiments were conducted at a saturation temperature of 18°C and for heat fluxes between 0.6 kW/m 2 and 30 kW/m 2 . The maximum HTC enhancement, approximately 1.7, occurred for the Cu porous-coated tube at a heat flux of 6 kW/m 2 . Hsieh and Ke [51] observed and quantified the boiling bubble dynamics. They found that the nucleation site density for the porous-coating was remarkably greater than that of the other surfaces and that it was a linear function of the heat flux.
Recently, Dewangan et al. [50, 89, 90] investigated the effects of coating thickness, pore size, and porosity on the heat transfer enhancement for porous-coated tubes (see Fig. 11 ). Four porouscoated tubes were fabricated by flame spraying copper powders onto copper tubes with various manufacturing parameters. Boiling tests with the porous-coated tubes and a plain tube were done with R600a for a fixed saturation temperature of 10°C and for heat fluxes between 5 kW/m 2 to 50 kW/m 2 . They showed that the coating with medium thickness (151.3 lm) and the smallest pore diameter (1.75 lm) gave the highest HTC enhancement factor (about 2), while the largest porosity produced the smallest enhancement.
-Summary
The existing measurements on HC refrigerants mainly focus on R290 and R600a. Figs. 12 and 13 summarize the effect of heat flux on the reviewed HTC enhancement factors (F E ) for R290 and the R600a, respectively. As done previously, the retained range for the F E data was for heat fluxes between approximately 10 kW/m 2 to 100 kW/m , the Themoexcel-E, Turbo-B, GEWA-PB, and PB4 showed comparable HTC enhancements with F E of approximately 2.2. For R600a, as shown by Fig. 13 , the Themoexcel-E tube gave the best HTC enhancement with F E up to approximately 7.6. The available data for other HC refrigerants and their blends are still very limited. According to the measurements by Jung et al. [83] (Fig. 10) , the Themoexcel-E tube also gave the best HTC enhancements for R1270, R600, and RE170, with F E up to approximately 8.4, 8.1, and 8.9, respectively.
Ammonia and carbon dioxide
Djundin et al. [91] investigated the effect of various surface enhancements on the pool boiling performance of ammonia. They Zheng et al. [94] studied the influence of lubricant on the pool boiling of ammonia for a structured surface with reentrant channels. An evaporator containing a bundle of enhanced tubes served as the heat transfer test apparatus. The polyalkylene glycol (PAG) lubricant mass fraction was varied from 0% to 10%. The tests were conducted at saturation temperature between À23.3°C and 7.2°C and for heat fluxes between 10 kW/m 2 and 60 kW/m 2 . The measured HTCs were compared to the HTC for a single tube. Zheng et al. [94] showed that the addition of lubricant reduced the performance of the enhanced tube, while increasing the performance of the plain tube.
Fernández-Seara et al. [95] experimentally studied pool boiling of ammonia on a 1260 fpm integral-fin tube. The test saturation temperatures for pool boiling were 4°C, 7°C, and 10°C. The HTCs were collected for the heat fluxes between 3 kW/m 2 and 60 kW/m 2 . Their measured HTC enhancement factor varied from 1 to 1.3 and was nearly independent of heat flux or saturation temperature. The weak relationship between the enhancement and the heat flux was confirmed by the boiling photographs shown in Fig. 15. In Fig. 15 , the size and the quantity of the bubbles on the integral-fin tube and on the plain tube were similar at high heat fluxes, suggesting that the enhancement for the integral-fin tube is mainly due to the extended surface area. Fig. 15 also shows that the integral-fin tube exhibits a greater delay in incipient nucleation with respect to heat flux as compared to the plain tube. Surprisingly, few studies focus on the pool boiling heat transfer of carbon dioxide [23] , and only one of them investigates an enhanced surface. In 2016, Liu et al. [96] reported the pool boiling performance of CO 2 on a plain and three screwed (integral-fin) tubes with different structural parameters (E1, E2, E3). The experimental saturation pressure varied from 2 MPa to 4 MPa, and the heat fluxes varied from 10 kW/m 2 to 50 kW/m 2 . The performance of the three screwed tubes were better than the plain tube, and the HTC enhancement factors were in the ranges of 1.5-1.7, 1.6-1.8, and 2.0-2.2 for the tubes E1, E2, and E3, respectively. Liu et al. [96] also found that the enhancement factor decreased with increasing heat flux.
Predictive methods
This section chronologically describes the development of mechanistic based models and empirical correlations for the prediction of enhanced pool boiling. The governing equations for the predictive methods for the structured surfaces and for the porous surfaces are given in Tables 6 and 7 , respectively.
Structured surfaces
Nakayama et al. [97] were one of the first to establish a mechanistic based model for pool boiling on structured enhanced surfaces. They developed the model based on their visual observations of boiling on the Thermoexcel-E tube, which has rectangular sub-surface tunnels covered with triangular pores (Fig. 2d) . Nakayama et al. [97] modelled the bubble cycle as the bubble originates inside the tunnel and migrates to the outside of the tunnel. One complete bubble cycle is divided into three phases: (i) the pressure build-up phase; (ii) the pressure reduction phase; and (iii) the liquid-intake phase. The total heat flux from the surface was calculated from a sum of the latent heat flux due to the thin-film evaporation inside the tunnels and the sensible heat flux due to the external convection. The model assumes that the evaporating liquid film exists only in the corners of the tunnel, and that the rest of the tunnel is filled by vapor. This assumption, however, cannot account for the presence of alternating liquid and vapor zones inside the tunnel with a thin liquid film separating the vapor zone from the tunnel wall, which was observed by Nakayama et al. in another paper in the same year (1980) [98] . [97] Thermoexcel-E and the structured surface having interconnected tunnels and pores/generalized model validated by R11
C t1 , C t2 , C 3 , Cq, C 0 and C b are six empirical constants. note: the length unit in this model is [cm] Xin and Chao (1987) [100]
T-shape finned surface/generalized model validated by R11 and water
Haider (1994) [35] Structured surface having sub-surface tunnels/generalized model validated by R11, nitrogen, and water This model predicts the total heat flux (q) for given wall superheat (DTs) and dimensions (dpore, p pore , p fin , Htun) by the following procedure.
(1) Calculate the departure diameter (d bb ) by 
Calculate the waiting period (Dtw) by Eqs. (A5 to A8), and find the meniscus radius Rm;g at the beginning of the bubble growth period.
Vvl Vt ! (Eq. A8) (6) Continue the calculation of the tunnel heat flux as for the bubble growth period, and calculate by decreasing Rm for Dtw < t < Dtw þ Dtg . Surfaces having orthogonal sub-surface tunnels with pores at intersection points/generalized model validated by FC72
Procedure for predicting total heat flux:
(1) Calculate the bubble departure diameter (d bb ) using
(continued on next page) 
Calculate the initial meniscus radius using
Calculate the latent heat transfer inside the tunnel during the waiting period (Q tun;w ) and the waiting period (Dtw) by
Small steps are chosen to solve the above equation until the right-hand side and left-hand side values matched within 5%. After every time step, a new meniscus radius (rm;new) is calculated using
The meniscus radius at the end of the waiting period (rm;g ) becomes the initial value for the growth period.
(4) Calculate the growth period (Dtg ) using 
Surfaces having tunnels and pores/generalized model validated by R11
ð Þþ4 In a later paper, Nakayama et al. [99] identified three possible evaporation modes for structured surfaces that have sub-surface tunnels and surface pores: dried-up mode, suction-evaporation mode, and flooded mode, as schematically shown in Fig. 16 . In the dried-up mode, bubbles are generated at the surface pores outside the sub-surface tunnels that are filled with vapor. Because all the pores serve as nucleation sites, the heat transfer mechanism for the dried-up mode is analogous to that of nucleate boiling on a plain surface. In the suction-evaporation mode, some of the surface pores are active while others are inactive. Bubbles are generated at active pores, which produces a pumping action that sucks the bulk liquid into the tunnel space through inactive pores. Nakayama et al. [99] stated that the ''suction-evaporation mode" yields the highest heat transfer performance due to evaporation of liquid on the tunnel walls. In the flooded mode, most of the tunnel space is occupied by liquid, and bubbles are generated at the few active pores that operate like isolated nucleation sites. With the increase of heat flux, the evaporation could transition from the flooded mode to the suction-evaporation mode, and then to the dried-up mode. However, Nakayama et al. [99] did not provide a criterion to define the relationship between the three evaporation modes and heat flux. From the viewpoint of the evaporation modes, the Nakayama et al. [97] model only accounts for the suction-evaporation mode.
Xin and Chao [100] proposed a countercurrent two-phase boiling model for T-shaped finned surfaces. According to their observation, the vapor bubbles coalesce at the narrow opening and stream out from the channel at a threshold pressure. They considered this phenomenon as countercurrent two-phase flow, i.e., the vapor flows upwards and out of the tunnel while the liquid simultaneously flows downwards into the tunnel along the wall. The model assumes that the flow is steady instead of cyclic, and it does not incorporate the periodic bubble growth and departure, the bubble size, or the bubble frequency. In addition, the model does not consider the nucleation site density because the entire between-fin regions are assumed to be active. Because the model did not account for the periodic nature of bubble evolution, which typically exists over a broad range of heat fluxes, Haider [35] argued that the Xin and Chao [100] model was based on physically unrealistic assumptions.
Apparently dissatisfied with the Xin and Chao [100] model, Haider [35] constructed his own pool boiling heat transfer model, which was a function of the fluid properties and the structured surface geometry. Haider [35] modelled boiling surfaces with twodimensional slot openings, or pores on the top surface, with a variety of tunnel cross-section shapes. The model is based on the boiling mechanism of ''flooded mode," which assumes alternate zones of liquid slugs and vapor plugs in the sub-surface tunnels. It's noted that this model uses only one empirical constant. Haider [35] also proposed a criterion for the boiling mode transition from the ''flooded mode" to the ''suction-evaporation mode." He stated that increasing wall superheat leads to higher bubble frequency with a smaller liquid slug to satisfy the momentum requirement. As the liquid slugs inside the tunnel becomes larger, they coalesce when two menisci meet. The transition from flooded to suctionevaporation occurs when both the menisci touch each other.
Chien and Webb [101] improved the Nakayama et al. [97] model and reduced the number of empirical constants from six to two. Though both of the models are based on the ''suction-eva poration mode", the Chien and Webb [101] model accounts for the temporal evaporation rate variation inside tunnels as well as the dynamic nature of the convection heat transfer outside of the tunnels by analyzing the meniscus thickness, the bubble departure diameter, and the bubble growth, which are neglected in the Nakayama et al. [97] model. The Chien and Webb [101] model is applicable to tubular surfaces having sub-surface tunnels with surface pores, for arbitrary combinations of the pore diameter, the pore pitch, the fin pitch, and the tunnel height. Fsr is surface roughness factor, which equals to the ratio of actual solid area to projected area.
Ramaswamy et al. [102] developed a semi-analytical model to predict the bubble departure diameter, the frequency, and the nucleation site density for surfaces having orthogonal subsurface tunnels with pores at intersection points. They adopted the ''suction-evaporation mode" framework similar to Nakayama et al. [97] and Chien and Webb [101] . Major improvements were made in the calculation for the bubble departure diameter, the evaporation within tunnels and the convective heat transfer from the external surfaces. They noted that the value of the Hamaker constant has a significant influence on the model prediction, and thus it needs to be accurately evaluated.
Murthy et al. [103] stated that the previous ''suction-evapora tion mode" based models (i.e., the models of [97, 101, 102] ) failed to predict the observed bubble dynamics and the heat transfer performance on the structured surfaces with circular tunnels. They proposed a semi-analytical model based on the ''flooded mode" assumption, and validated the model for data covering a range of dimensions for tunnel and pore. The model incorporates the dynamic forces in the calculation of the bubble departure diameter. Additionally, a correlation for the nucleation site density was developed based on the wall superheat and the geometry of the boiling structure.
Das et al. [104] found that the liquid refill stage was ignored in all previous studies. Based on the ''suction-evaporation mode" assumption and the models of Nakayama et al. [97] and Chien and Webb [101] , they developed a model for predicting the heat transfer and the bubble dynamics for surfaces with tunnels and pores. The Das et al. [104] model suggested that the liquid refill time was small compared to the duration of the suctionevaporation and flooded modes at large pool heights; however, the liquid refill time could be significant for smaller pool heights and for depressurized systems.
Pastuszko et al. [105] focused on the boiling heat transfer of ''double-extended" surfaces that consist of connected horizontal Kovalyov and Soloviyov (1990) [121] Porous surface/generalized model validated by water and R22 k l
Polyaev and Kichatov (2000) [122] Porous coating/generalized model validated by water and R134a For low DTs: and vertical tunnels. They integrated the previous models of Nakayama et al. [97] , Chien and Webb [101] , and Ramaswamy et al. [102] , with some modifications and simplifications. They developed a new analytical calculation for evaporating liquid volumes in the waiting and the growth periods, for the initial and the final vapor volume in the tunnel, and for the liquid volumes in the menisci for the beginning of the waiting period and the end of the growth period. According to their conclusions, the vertical tunnels have a more significant influence on the boiling heat transfer performance. Later, Pastuszko [106] modified his previous model [105] which refers to the joint area of the vertical tunnel and adjacent horizontal tunnels. They changed the calculation for waiting and growth periods, and added the calculation of liquid intake period. To incorporate the structure geometry, they modified the classical Mikic and Rohsenow correlation [107] by redefining the area of influence. Pastuszko and Wójcik [108] proposed a simplified model based on their previous models [105, 106] and the existing studies [97, 101, 102] for a micro-fin surface with sintered perforated foil, similar to the surfaces having sub-surface tunnels covered with surface pores. The Pastuszko and Wójcik [108] model requires only one empirical constant.
More recently, Kedzierski et al. [72] developed a model to predict both single-component and multi-component pool boiling of low-GWP refrigerants on the Turbo-ESP surface. The model accounts for viscosity effects on the bubble population and uses the Fritz equation [109] to account for increased vapor production with increasing superheat. Both loss of available superheat and mass transfer resistance effects were modeled for the refrigerant mixtures. For most heat fluxes, the model predicted the measured superheat to within ±0.31 K. Both models are given in Table 6 .
Besides the mechanistic based models discussed above, there are many correlations developed for pool boiling of structured surfaces. Rainey et al. [110] presented a simple q À DT correlation for square pin-finned surface using their FC-72 pool boiling data. Wen and Ho [111] proposed a correlation for pool boiling heat transfer in vertical/horizontal V-shaped geometries. Rajulu et al. [112] correlated the HTC enhancement of reentrant cavity tubes with heat flux, cavity mouth size, and three empirical constants. Christians and Thome [113] proposed a correlation for HTC as a function of heat flux, fluid properties, saturation pressure, tube diameter, and geometry factor. Their correlation is based on the pool boiling data of R-134a and R-236fa on seven commercial enhanced tubes (Turbo-Bii, Gewa-B, High Flux, Turbo-EDE2, Gewa-B4, Turbo-B5, and Gewa-B5). van Rooyen and Thome [67] developed a correlation based on boiling mechanisms in the near-wall region. This correlation incorporates the fluid properties, tube diameter, and two surface structure related parameters. The database for this correlation includes three refrigerants (R-134a, R-236fa and R-1234ze(E)) and two commercial enhanced tubes (Turbo-B5 and Gewa-B5). Ho et al. [114] developed a Rohsenow-model based correlation for the surfaces having intrinsic micro-cavities and/or micro-fins. The micro-features are reflected by a surface roughness in this correlation. Unfortunately, most of the existing correlations are not based on the databases that include low-GWP refrigerants, and their applicability for low-GWP refrigerants are not yet assessed, which could be carried out in the future studies. If poor predicting capabilities are found, the forms of these correlations could be still used as reference for new correlation development of low-GWP refrigerants.
Porous surfaces
The boiling models for the structured surface are not directly applicable to the porous surface due to the randomness of the porous surface geometry. Because of the irregular geometry, it is more difficult to develop a mechanistic based model for the boiling heat transfer on porous surface. Consequently, few studies predicting the heat transfer on porous surfaces were found in the open literature.
O'Neill et al. [115] described an analytical model for pool boiling on a porous surface with the coating made of sintered particles. The assumptions, the deviation, and the limitations of the model were discussed in detail by Webb [33] . The key assumptions are: (i) the coating particles are spherical and of uniform diameter; (ii) the pores are uniform in size; (iii) each pore is active and thereby acts as a stable vapor trap. Webb [33] argued that such a static model cannot be justified because it assumes that a stable liquid film surrounds the bubble. However, this model presents several important fundamental concepts and serves as the starting point for developing a more complicated dynamic model.
Conwell et al. [116] developed a correlation for a surface covered by thin porous media based on their observations and experimental data. The main parameters of the correlation include the vapor covered surface area, the total surface area, the wick (coating) thickness, and the vapor pressure difference. As discussed by the authors, the main shortcoming of the model is the difficulty in obtaining a precise value for the vapor pressure difference.
Ito and Nishikawa [117] proposed two ''critical models", i.e., the ''friction model" and the ''conduction model. " The ''friction model" assumes that vaporization occurs in the porous layer, and that the friction acting on the vapor when it escapes from the layer plays a significant role in boiling heat transfer. The ''conduction model" assumes that the porous layer is filled with liquid and regards the porous layer as a uniform ''thin layer." Based on this assumption, the heat flux is calculated as the thermal conduction through this ''thin layer." Ito and Nishikawa [118] also developed a correlation based on their pool boiling data of R-11, R-113, and benzene on the surfaces coated by copper or bronze particles. The correlation incorporates the effects of porosity and thickness of the coating layer, particle diameter, and fluid properties.
Zhai [119] presented a modified model based on the previous studies [115] [116] [117] . The model calculates the heat flux by summing the boiling heat transfer and thermal conduction within the porous layer. Zhai [120] also presented a correlation that considers the effects of vapor flow and porous layer structure.
Kovalyov and Soloviyov [121] proposed a more rationally based model. They proposed that the pores in the matrix could be filled either liquid or vapor, depending on whether the pore is larger than the critical meniscus size; then, the vapor formed at the menisci within the matrix flows to the surface forced by ''capillary pressure" and forms bubbles at the surface. The model can provide predictions for the heat transfer performance of a porous surface having a varied thermal conductivity, permeability, and thickness. Webb [7] regarded this work as an important contribution in understanding of the boiling mechanism in porous structures.
Polyaev and Kichatov [122] developed a semi-empirical model for boiling on surfaces with porous coatings. The model assumes that the total thermal load supplied is spent only in vaporization, and that the vaporization only takes place in the porous coating. The model uses Darcy's law, which describes flow of a fluid through a porous medium, to relate the pressure drop to the velocity of the escaping vapor. The model also formulates the critical conditions for the boiling regime transitions.
Rainey et al. [123] proposed a correlation to fit their pool boiling data of FC-72 on a microporous-coated surface. The correlation simply relates the heat flux with superheat and pressure, and it does not account for the fluid properties or the coating structure parameters.
Zhang et al. [124] proposed a mechanistic model for the boiling heat transfer on a sponge-like nanoporous coated surface. Based on the model of Nakayama et al. [97] , this model includes a new term to account for the thin liquid film evaporation inside the pores. The new term incorporates the contact angle that reflects the wettability of the surface, which is not included in the model of Nakayama et al. [97] .
Conclusions and suggestions
Commercial use of enhanced boiling surfaces has driven improvements in surface development, boiling measurements, and predictive methods to make it the leading technology for augmenting boiling heat transfer. Researchers have introduced and studied a variety of enhanced surfaces, which can be classified by two basic types: structured surfaces and porous surfaces. Several commercially-available tubes for enhanced pool boiling have been extensively used in the refrigeration industry, like the GEWA series, Turbo-B series, Thermoexcel-E, and High-Flux. Many novel techniques capable of producing micro/nano-scale structures have been reported but still require further investigation to make commercial manufacture possible. With the trend of the enhanced geometries being more and more complex, the development of accurate predictive models becomes more challenging. The fundamentals in the related areas such as fouling and oil effect on enhanced surfaces need to be further developed.
Presently, low-GWP refrigerant enhanced pool boiling studies exist primarily for HC refrigerants. The number of studies with HFO is smaller than those for HC refrigerants, but has been increasing since 2010. Few studies on NH 3 and CO 2 were found in the open literature. From a general overview, enhanced surfaces produce a significant enhancement in the pool boiling heat transfer of low-GWP refrigerants. The reported enhancement factors vary from 1 to 10, depending on the enhanced geometry and the refrigerant. Nevertheless, the current database still needs to be expanded to cover more refrigerants, surfaces, and conditions.
Many mechanistic based models have been established for structured surfaces while relatively fewer have been developed for porous surfaces. These models are useful for understanding the enhanced boiling mechanisms, predicting the heat transfer performance, and for designing high-performance geometries. There are also some correlations for both structured and porous surfaces but most of them are not based on a database consisting of low-GWP refrigerants. The prediction accuracy of these correlations for low-GWP refrigerants needs to be examined in future studies.
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